Abstract-Tunable bandgap guidance is obtained by filling the holes of a solid core photonic crystal fiber with a nematic liquid crystal and applying an electric field. The response times are measured and found to be in the millisecond range.
I. INTRODUCTION

P
HOTONIC crystal fibers (PCFs) form a new class of optical fibers, which has attracted significant attention during the last few years. PCFs are typically silica fibers having a large number of air holes located in the cladding region. An appropriately designed PCF can make it possible for light to be guided by the photonic bandgap (PBG) effect [1] .
Optical properties of PCFs can be manipulated by filling the air holes with various materials [2] . Bise et al. demonstrated a tunable PBG fiber, where a PCF was filled with high index fluid and the resulting bandgaps could be spectrally shifted by adjusting the temperature [3] . Larsen et al. have shown that temperature tuning and highly sensitive thermal switching of a PBG fiber can be accomplished with a liquid-crystal-filled PCF [4] . Recently, electrical tuning of a nematic liquid crystal (NLC)-filled PCF has been demonstrated by Du et al. [5] . They showed that index guidance can be obtained by filling the holes of an initially bandgap guiding air core PCF with an NLC, and demonstrated an electrically tunable optical switch.
In this letter, we show experimentally that tunable bandgap guidance, which is fundamentally different from index guidance, can be obtained by filling the holes of an initially index guiding solid core PCF with an NLC, and applying an electric field. A change in optical transmission properties is observed above a threshold field. 
II. EXPERIMENTAL SETUP
The fiber used in the experiment is shown in Fig. 1 . The hole diameter is 5 m, the hole spacing is 10 m, and the fiber diameter is 125 m. A 1-cm section of the PCF is filled with NLC by capillary forces. The NLC-filled PCF is then spliced to a PCF of the same type. Using a modern arc fusion splicer, a splice loss less than 0.5 dB is readily obtained for this type of PCF. The part of the fiber containing the NLC is sandwiched between two electrodes as shown in Fig. 1 , and surrounded by silicone oil, which has a higher dielectric strength than air. Two silica rods with diameter m control the spacing between the electrodes.
The NLC (E7 from Merck) is a uniaxial birefringent medium with an ordinary and extraordinary refractive index and , respectively, at 589.3-nm wavelength. The permittivity along the ordinary axes and the extraordinary axis is and , respectively, at 1-kHz field frequency. The splay elastic constant is 11.1 pN. All values are given at 20 C.
Polarization microscopy studies of an NLC-filled silica tube with 6-m inner diameter and 130-m outer diameter indicate planar alignment of the NLC, with the director parallel to the fiber axis, in agreement with previous observations [5] . The NLC-filled capillary tube is then sandwiched between two electrodes and surrounded by silicone oil, and a 1-kHz sinusoidal voltage is applied. No visual changes are seen until the voltage reaches about 38 V , where a change in color of the transmitted light is observed. The color keeps changing when the voltage is increased further. Also seen is the appearance of defects, as shown in Fig. 2 , with an average spacing of about 0.1 mm. We believe that this is an orientational defect at the border between two reverse tilt domains [6] . Such defects represent a change in refractive index compared to the surrounding NLC and are, therefore, a source of polarization-dependent loss through light scattering. This problem is circumvented for planar NLC devices by surface processing such that the NLC obtains a small pretilt and, therefore, has a preferred direction to reorient under an applied field. This method is, however, not directly applicable for an NLC-filled PCF due to the cylindrical geometry of the holes. 
III. PRINCIPLE OF OPERATION
Index guidance in the core is not possible in the NLC-filled section of the fiber since both and are higher than the refractive index of silica. Litchinitser et al. have considered guiding properties of solid core PCFs filled with optically isotropic high index fluids [7] . They find that there is a guiding regime where the position of the transmission minima is largely determined by the individual properties of the high index holes rather than their position and number. Bloch's theorem can be applied in an infinite periodic cladding of NLC-filled holes, resulting in true bandgaps. The position of these bandgaps is expected to be largely dependent on the individual properties of the NLC-filled holes. Due to the complexity of the NLC alignment, predictions regarding transmission properties are limited here to the zero field and strong field limits. In zero field, the NLC alignment is planar, and both and polarized light sees in the transverse direction, and in the direction, in the holes. The transmission properties are, therefore, expected to be independent of polarization in this limit. A direct application of the simplified formula in [7] for the position of the transmission minima is not possible due to the anisotropy of the NLC, which is expected to affect the position of the transmission minima compared to isotropic materials. Solving numerically shows that the component of the applied field is negligible compared to the component, and in the strong field limit, the variation in field from hole to hole is less than 7%, but can be reduced to less than 4% by using an appropriate oil. The NLC is then nearly aligned along the direction, and transmission is expected to be polarization dependent. polarized light sees in the transverse direction and in the direction, while polarized light sees in both the transverse and direction. This implies that the simplified formula in [7] can be applied to estimate the position of the transmission minima in the strong field limit for polarized light, giving . Assuming gives m, m, m for , where the wavelength dependence of and is neglected.
As a simple approximation, we use theory for a planar geometry to obtain order of magnitude estimates regarding the effects of the applied field on the orientation of the NLC. The hole diameter is approximated to be equal to the cell thickness in the planar case. Assuming planar anchoring conditions, the threshold field for the Frederiks transition is given by , where [8] . We see that the threshold is inversely proportional to the hole diameter in the planar approximation. Inserting the numerical values above, we find V/ m, which corresponds to a voltage V. When the field is turned ON, the time constant for the director to realign is given by [8] . Here, is the rotational viscosity of the NLC, and a value of 0.1 Ns/m is used as an order of magnitude estimate. We see that diverges as approaches . Assuming and using the value of calculated above, we obtain ms. When the field is switched OFF, the deformation decays with a time constant given by [8] . We note that is quadratically dependent on the hole diameter in the planar approximation. Inserting numerical values, we find ms. Thus, under these conditions, the response times of the NLC are limited by .
IV. RESULTS AND DISCUSSION
An ac field of frequency 1 kHz is used in the experiment. The insertion loss of the device when V is 1.3 dB at 1500-nm wavelength in addition to the splice loss. Fig. 3 shows measured transmission spectra using unpolarized light from a broad-band light source. The voltage is adjusted in steps of 14.1 V . Transmission using polarized laser light at 1500-nm wavelength is shown in Fig. 4 , where the voltage is increased in steps of 1.41 V . Based on the discussion in Section III, the results shown in Figs. 3 and 4 implies the following: The transmission at zero field is polarization independent as expected. The sudden decrease in transmission around 35 V is in reasonable agreement with the above estimate of the Frederiks transition threshold. At voltages well above the Frederiks transition threshold, the polarization-dependent loss, together with the position of the high transmission regions in Fig. 3 , is interpreted as that loss is high for polarized light, possibly due to scattering from the defects, and what is seen in Fig. 3 at such high voltages is mainly the transmission for polarized light. This is supported by the reasonable agreement with the above estimates for the position of the transmission minima for polarized light in the strong field limit. Further studies are needed to explain the increase in transmission observed around 75 V in Fig. 4 . The response times of this device are investigated by the following procedure: When there is no applied field, there is high light transmission at 1500-nm wavelength. When an field above the Frederiks transition threshold is applied, loss is introduced and light transmission is low. Light polarization is adjusted for minimum transmission in the low transmission state. Switching is performed by amplitude modulating the 1-kHz signal by a low frequency square signal, as shown in Fig. 5 .
is measured as the time from the field is turned ON to the transmission has reached , and similarly for . It is seen from Fig. 5 that at high applied voltages, is the dominating limitation determining the maximum modulation frequency, as expected. The observed spike for 141 V might be explained by comparing Figs. 4 and 5. When the 141-V voltage is switched OFF, the NLC might relax through the high transmission region seen around 75 V in Fig. 4 , followed by a low transmission region and finally the high transmission region seen at 0 V . This implies that the high transmission region observed around 75 V causes the spike. This also explains why the spike is not seen for 57-V voltage in Fig. 5 . We are then on the left side of the high transmission region in Fig. 4 and, therefore, do not pass through this region when turning the field OFF. In Fig. 6, measured and are shown as a function of applied voltage. There is an order of magnitude agreement between measured values and the above estimates. In particular, the expected dependence on of is in reasonable agreement with the measurement, as shown in Fig. 6, assuming . The fit results in a value of 40 V for , in reasonable agreement with Fig. 4 . Further developed, this device might find applications as a switchable polarizer. The performance is comparable to other NLC-based devices in terms of response times and switching fields.
can be reduced by using a fiber with smaller holes. This would, however, increase the switching voltages due to a higher Frederiks transition threshold. The performance might be optimized by using other electrode configurations. This is left for future investigations.
V. CONCLUSION
Tunable bandgap guidance is obtained for an NLC-filled PCF placed in an field. The applied field introduces a polarization-dependent loss above a threshold field. Response times of this device are found to be in the millisecond range. The insertion loss is 1.3 dB at 1500-nm wavelength in addition to the splice loss.
